It has been demonstrated recently that metal gratings can significantly improve the near-infrared absorptance of graphene from 0.023 to nearly 0.70 because of the excitation of magnetic polaritons (MPs). In the present study, it is shown that the absorptance of graphene can be further enhanced to more than 0.80 by surface plasmon polaritons (SPPs) enabled by the grating. Meanwhile, graphene behaves as a sheet resistor that is able to boost the absorption when MPs or SPPs are excited without changing their resonance frequencies or dispersion relations. The effects of higher-order MPs, as well as the grating geometry on the enhanced absorptance, are also examined. Rigorous coupled-wave analysis (RCWA) is employed to calculate the radiative properties and power dissipation density in both the graphene and the metal grating. This study will facilitate the understanding of the coupling phenomena between graphene and nanostructures and may also benefit the design of next-generation graphenebased optical and optoelectronic devices.
INTRODUCTION
As a layered two-dimensional material with carbon atoms arranged in a honeycomb lattice, graphene has unique electrical, mechanical, and optical properties [1, 2] . Unlike conventional metals, the electrons in graphene are massless quasi-particles (Dirac fermions), which exhibit a linear energy-momentum dispersion. Meanwhile, a remarkably high carrier mobility makes graphene a revolutionary material for optoelectronics related applications, such as ultrafast photodetectors, transparent electrodes, transistors, and biosensing [3] [4] [5] . In the visible and near-infrared (NIR) region, interband transitions can happen in doped graphene and the photons absorbed generate electronhole pairs, creating electrical signals for photodetection. This makes graphene a potential material for the construction of an ultrafast photodetector, considering its high carrier mobility. However, because of its atomically thin thickness, the absorptance of graphene is only about 0.023 in this spectral region, and is related to the fine structure constant [6] . This minimal absorptance substantially hinders its applications in ultrafast optoelectronics; therefore, enhancing the absorption of graphene has drawn much attention recently.
The chemical potential of graphene can be changed through electrical gating or chemical doping and the optical properties of highly doped graphene resemble those of Drude-type materials in mid-to far-infrared region [7] . In this case, the graphene absorption can be improved by taking advantage of its plasmonic response and can be tuned by changing its chemical potentials [1, 8] . One can make patterned graphene resonator and excite plasmons associated with them. For example, Thongrattanasiri et al. [9] demonstrated total light absorption by critical coupling in a single round-patterned sheet. Fang et al. [10] showed tunable enhanced absorption in a graphene nano-disk array from 0.03 to 0.30 by exciting local plasmonic resonances. Graphene can also be shaped to ribbons [11, 12] to enhance its absorption since graphene surface plasmons can be excited in ribbons [13] [14] [15] . Graphene patch arrays of cross shapes [16] and square shapes [17] have also been demonstrated for absorption enhancement. In addition, graphene can be used together with other structures, such as gratings and photonic crystals to enhance its absorption [18] [19] [20] [21] [22] [23] [24] [25] . For example, Gao et al. [26] and Zhan et al. [27] utilized a dielectric surface-relief grating to excite the surface plasmon wave in graphene, which also enhanced graphene absorption.
The above-mentioned plasmonic responses, however, cannot be excited in the visible and NIR region to enhance graphene absorption because the optical property of graphene is dominated by the interband transition. One way to enhance graphene absorption in this frequency region is to employ a microcavity that enables light to pass through the graphene sheet multiple times to improve the absorption of graphene [4] . Another way is to utilize the plasmonic oscillations associated with optical nanoantennas that can create a localized strong electric field [28] [29] [30] [31] [32] [33] . While the attenuated total reflection configuration setup can also be employed to enhance absorption near the critical angle [34] , the enhancement is generally not very significant. It should be noted that guided resonances in dielectric gratings [35, 36] can create an enhanced electric field to boost graphene absorption through critical coupling using photonic crystals [37] , and may achieve total absorption. However, the enhancement achieved by this mechanism is usually narrowband and highly directionally sensitive. Recently, the present authors [38] proposed utilizing magnetic polaritons (MPs) in deep metal gratings to enhance absorptance of graphene and showed that up to near 0.70 absorptance in graphene can be obtained because of the enhanced electromagnetic field created when MPs are excited. However, the directional dependence as well as the effects of higher-order MPs and surface plasmon polaritons (SPPs) on graphene absorption have not been fully characterized.
In this work, absorption enhancement of graphene by SPPs and higher-order MPs in metal deep gratings is demonstrated numerically. The effect of the graphene on these resonances is illustrated by comparison of the dispersion relations of the gratings with and without graphene. The geometric effects on the absorption enhancement are also evaluated. The directional dependence of the absorption in graphene because of different types of resonance is elaborated. Local electric field and power dissipation density are depicted to further elucidate the underlying mechanisms. Detailed absorption profiles inside graphene are also presented at frequencies when resonance absorption occurs. Figure 1 illustrates the structure of the graphene-covered deep gratings. The one-dimensional grating (extended to infinite in the y-direction) is made of silver (Ag) and the geometric parameters are period Λ, height h, and trench width b. When the plane of incidence is the x-z plane, the wavevector of an incident plane wave does not have a y-component and can be expressed as k inc k xx k zẑ k 0 sin θx k 0 cos θẑ, where θ is the incidence angle and k 0 is the wavevector in vacuum. For the one-dimensional grating considered here, since the wavevectors of all the diffracted waves lie in the x-z plane, the electromagnetic field is independent of y and no resonance excitation occurs in the y-direction. Here, the incident medium is assumed to be a vacuum or air (but with the same dielectric property as that of a vacuum). The graphene monoatomic layer lies at the top surface of the gratings at z 0. Only transverse magnetic (TM) waves are considered in this study, since MPs and SPPs can only be excited when the magnetic field is in the y-direction for the one-dimensional grating shown in Fig. 1 . The metal under the grating region is assumed to be sufficiently thick for it to be opaque. Therefore, the incoming radiation will be either reflected or absorbed, and the absorptance can be indirectly calculated from one minus the reflectivity.
NUMERICAL MODELING
The rigorous coupled-wave analysis (RCWA) algorithm [39] is used to calculate the reflectivity of the structure as well as the field distribution, with sufficient Fourier expansion orders to ensure convergence. This algorithm has been tested for various geometric and materials configurations and is now available online as open source software [40] . In the simulation, the dielectric function of Ag, ε Ag , is modeled with a simple Drude model [41, 42] , while graphene is modeled as an ultrathin layer with a thickness Δ according to an equivalent dielectric function [2] :
where σ s , ε 0 , and ω are the sheet conductivity, the vacuum permittivity, and the angular frequency, respectively.
Another method is to model graphene as a two-dimensional conductive film with a sheet conductivity σ s , which induces a surface current along graphene and, thus, modifying the boundary conditions for the magnetic field. Those two methods yield identical results as long as Δ is chosen to be sufficiently small to ensure convergence [37, 43] . In this study, graphene is treated as a thin film with an isotropic dielectric function so that the existing RCWA algorithm [40] can be directly employed without modifying the boundary conditions. In the calculation, Δ 0.3 nm is chosen to ensure convergence. The sheet conductivity of graphene consists of the contribution from intraband (Drude-like term) and interband transitions, i.e., σ s σ D σ I , respectively:
and
where Gξ sinhξ∕k B T ∕coshμ∕k B T coshξ∕k B T [44] . Here, e is the electron charge, ℏ is the reduced Planck constant, and k B is the Boltzmann constant. The following parameters are used in all the calculations presented in this work: chemical potential μ 0.3 eV, relaxation time τ 10 −13 s, and temperature T 300 K. With these parameters, k B T ≪ μ is satisfied, the interband contribution is manifested by a step function feature and the conductivity at photon energies above the threshold at ℏω ≈ 2μ is dominated by interband transitions [44] . This yields a purely real conductivity σ s σ I e 2 ∕4ℏ when photon energy is greater than 0.6 eV, which corresponds to a wavenumber of 4762 cm −1 (or wavelength of 2.1 μm). Since the frequency region of Fig. 1 . Schematic of the graphene-covered one-dimensional grating nanostructure for a plane TM wave incident at an angle of θ. The top medium and the trench region are assumed to be a vacuum or air, and the bottom Ag region is assumed to be opaque or semi-infinite.
interest in the present work is in the visible and near-infrared region, the conductivity of graphene is essentially a constant equal to e 2 ∕4ℏ. Conventionally, the absorptance obtained from one minus the reflectance calculated from RCWA is for the whole structure, which includes the graphene and the Ag grating. To separate how much power is indeed absorbed by the graphene only, one can first calculate the power dissipation density [45] :
in which E is the complex electric field [46] , and ε 00 is the imaginary part of the dielectric function. All properties are independent of y since the problem discussed here is twodimensional. The calculation of power dissipation density is not part of the traditional RCWA algorithm, which only solves the radiative properties such as reflectance and transmittance. Nevertheless, the electromagnetic field in the structure can also be obtained from traditional RCWA [39] . Hence, Eq. (4) can be incorporated into the RCWA algorithm to calculate the local absorption [38, 45, 46] . The absorptance of graphene can then be obtained from the ratio of the power dissipated inside graphene over the incident power; hence [38] ,
Here, the denominator is the power of the incident plane wave on an area A at incidence angle θ. For one-dimensional gratings, a unit length in the y direction can be used such that Eq. (5) is evaluated in the x-z plane. Moreover, the integration in the x direction needs to be performed only in one period. It can be seen from Eq. (1) that the imaginary part of the dielectric function of graphene can be expressed as ε 00 x; z σ s ∕ε 0 ωΔ since σ s is purely real in this region. Meanwhile, the electric field inside the graphene layer is essentially independent of z. Therefore, the absorbed power in graphene can be expressed using its conductivity as follows:
Note that G indicates that the volume integration is carried out in graphene. The absorptance can be calculated by dividing Eq. (6) by the incident power. One can apply the Cauchy-Schwarz inequality to Eq. (6):
The right-hand side (RHS) gives the lower bound of the power dissipated in graphene. If the electric field in graphene is independent of x, the RHS of Eq. (7) will be equal to the exact expression of hP abs i. In this case, the electric field forms an alternating voltage across the graphene and the power dissipation directly resembles the macroscopic form, V 2 RMS ∕R. As to be shown in the next section, for MP resonances, the dissipation is concentrated only at the trench opening and the electric field across the trench can be approximated as uniform. The power dissipation can then be estimated by replacing the period Λ in the RHS of Eq. (7) with the trench width b [38] .
RESULTS AND DISCUSSION
The absorptance of plain gratings and graphene-covered gratings is first presented for TM waves as a function of wavenumber (or frequency). The absorptance contours in terms of the wavenumber and the x-component of the wavevector are also depicted to reveal the directional dependence, as well as to delineate the MP and SPP dispersions. The geometric effects are also examined to illustrate the frequency tunability of the enhanced absorption. The local absorption (or dissipation) distributions are further examined to elucidate the effects of MPs and SPPs on the enhanced graphene absorption.
A. Absorptance of Plain and Graphene-Covered Gratings
The absorptance spectra for the plain and graphene-covered structure are shown in Fig. 2 for TM waves at incidence angle θ 10°in terms of the wavenumber. The absorptance is for the whole structure and calculated from one minus the reflectance that is predicted by RCWA. In the simulation, the geometric parameters of the Ag grating are set to Λ 400 nm, b 30 nm, and h 200 nm. These are the default values used in the present study unless otherwise specified. To realize a structure with such geometries, one could separately fabricate graphene using chemical vapor deposition on a copper foil and the grating structure by e-beam lithography with a lift-off process. Then, graphene could be transferred onto the grating to form the desired structure. There exist three distinct peaks in the absorptance spectra located at wavenumber ν 6700 cm (545 nm), and 20930 cm −1 (478 nm). The value in parentheses indicates the corresponding wavelength. As will be explained later, these peaks are associated, respectively, with the excitation of the fundamental MP (MP1), the second-order MP (MP2), and an SPP. Clearly, adding graphene can increase the peak absorptance significantly without shifting the peak locations. For a plain grating, the absorptance is only 0.21 at MP1, because of the weak coupling between the two side walls of in the trench as noted previously [38, 42] . Higher absorptance of 0.66 and 0.57 can be obtained with the MP2 and SPP modes, respectively. With graphene coverage, the absorptance at the resonance wavenumbers is raised to 0.81, 0.99, and 1.0 for MP1, MP2, and SPP, respectively. However, the fraction of energy absorbed by the graphene monolayer itself is not the same as the difference between the absorptance of the whole structure before and after the graphene is added, since the absorption is redistributed because of the coupling effect to be discussed in Sections 3B and 3C.
The absorptance contours for the plain grating and graphene-covered grating are shown in Figs. 3(a) and 3(b) ,
are excited for all the spectral region and incidence angles. The fundamental order, the second order, and the third order of MPs are excited in the considered spectral region as indicated by MP1, MP2, and MP3, respectively. MPs usually show up as nearly flat lines because the excitation is insensitive to the incidence angle [47] . Note that these modes are conventionally called waveguide modes, while MP is used here to stress the magnetic response of these resonances. SPP resonances and their effects on the radiative properties of gratings have been extensively investigated by many researchers [48] [49] [50] [51] [52] [53] . The lower and upper branches can be identified as −1 and 1 orders of the SPP in the grating structures (as indicated in the contour above and below the sign "SPP"). The dots at the intersection of θ 10°line and MP1, MP2, and SPP (−1 order) correspond to the three peaks in Fig. 2 . Note that the anti-crossing between SPP and MPs can break the continuous bright bands [54] and thus neutralize the absorption peak. The anti-crossing effects also cause some hybridization between MP and SPP. The SPP bands show a discontinuity at k x 0, because two standing-wave solutions with different energies can be obtained, resulting in a bandgap [55, 56] .
In addition, the enhanced absorption can be tuned by the geometry of the grating. Figures 4(a) and 4(b) illustrate the grating height effect on the MP resonances for plain gratings and graphene-covered gratings, respectively. The MP excitation wavenumber decreases as h increases, and graphene enhances absorption without changing the resonance frequencies. While these figures are for normal incidence, similar results can be obtained for other incident directions. The MP resonance frequency can also be tuned by changing the slit width, and graphene also give rise to the absorptance without affecting the resonance frequency as demonstrated previously [38] . When the period increases (with fixed h and b), the MP resonance condition will not change much because of their localized resonance nature, whereas the SPP resonance will shift Fig. 3 . Absorptance contours for (a) plain Ag grating and (b) graphene-covered grating. The white solid and dashed lines indicate the incidence at θ 10°and θ 40°, respectively, and the intersections indicated by the dot markers correspond to the three absorption peaks shown in Fig. 2 . Research Article to low frequencies [47] . Therefore, it is possible to tailor the grating geometries to enhance the absorption at the frequency of interest.
B. Enhanced Graphene Absorption by MPs
MPs represent the strong coupling between the magnetic resonance inside a micro/nanostructure and the external electromagnetic waves. The enhanced absorption at the MP excitation is directly related with the electromagnetic field at the resonance. The time-varying magnetic field parallel to the y-direction creates an oscillating closed current loop around the trench in the x-z plane, which generates a highly localized magnetic field inside the trench according to Lenz's law [50] . Figures 5(a) and 5(b) show electromagnetic fields for the MP1 and MP2 resonances, respectively, at θ 10°. The arrows show the electric field while the contour indicates the magnitude of the magnetic field, and the same pattern is followed in later field plots. The magnetic field inside the trench in Fig. 5(a) is enhanced by more than 12 times compared with the incidence, indicating the excitation of the fundamental mode of MP and showing the localization feature of the MP resonances [42] .
Based on the profiles of the electromagnetic field and electric current, the resonance frequency for MP1 can be predicted by a suitable inductor-capacitor (LC) model as demonstrated for various structures [42, 47, 57, 58] . For the plain grating considered here, the side and bottom walls of the trench serve as an inductor and the vacuum inside the trench and near the trench opening behaves as a capacitor. Since the conductivity of graphene is a real value as explained in the previous section, its impedance is also real and, thus, the overlaid graphene acts like a pure resistor in parallel with the capacitor and inductor; this explains why the resonance wavenumber is not affected by the graphene layer [38] . The same argument holds for higher-order MPs and SPPs. The electromagnetic field for MP2 as shown in Fig. 5(b) also exhibits the enhanced magnetic field with two antinodes in the trench region.
Not only is the magnetic field enhanced, but also the electric field is greatly enhanced at MP1 and MP2 resonances. The electric field is minimal in the Ag grating, except along the interface between Ag and vacuum, but is extremely strong in the trench especially at the trench opening as shown in Figs. 5(a) and 5(b). At the opening, the x-component of the electric field E x dominates since the z-component is negligibly small. Figures 6(a) and 6(b) show E x in the middle of graphene monolayer for MP1 and MP2, respectively. Note that the magnitude of the incident electric field is set to 1 V/m in the simulation. It can be seen that, for plain gratings, the electric field at the trench opening is enhanced by more than 20 times of the incident for MP1 and even higher for MP2. After covering graphene, the electric field is attenuated in both cases, and it can be inferred that adding graphene weakens the electric field. While Figs. 6(a) and 6(b) are calculated at θ 10°, the result for normal incidence [38] is almost identical. Note that for MP1, the electric field is negligibly small beyond the trench opening at −15 nm < x < 15 nm. The same cannot be said for MP2 for which the electric field is nontrivial beyond this range. This difference results in a different absorption profile in graphene as discussed in the following.
Figures 7(a) and 7(b) illustrate the power dissipation profiles calculated from Eq. (4) at MP1 resonance with θ 10°for the plain grating and graphene-covered structure, respectively. For comparison, Figs. 7(c) and 7(d) show the power dissipation at MP2 resonance for the two structures. The contour describes the value of the power dissipation density and the same scalar bar is used for all four figures. The scale bar is not linear beyond 6 × 10 5 W∕m 3 to better show the absorption in grating. As shown in Figs. 7(a) and 7(c) , the incoming radiation is mainly absorbed near the surfaces of the trench walls, especially at the corners. While displacement currents exist in a vacuum, it does not contribute to absorption since there is no dissipation. For MP2, the enhanced electric field induces extremely high power dissipation up to 10 6 W∕m 3 at the four corners of the trench. After covering with graphene, however, the absorption by the grating is weakened for both resonance modes. It should be noted that the power dissipation inside graphene is extremely strong, reaching 10 8 W∕m 3 for both MP1 and MP2. The shape of the power dissipation profile in graphene is similar to the electric field profile shown in Fig. 6, i. e., high in the trench opening with two spikes at the grating edges. A distinction between MP1 and MP2 is that the graphene absorption is negligibly small beyond −15 nm < x < 15 nm for MP1, while absorption beyond this range may not be neglected for MP2.
The absorptance of graphene can be obtained by evaluating Eq. (6). For MP1, the dissipation of graphene is confined mainly in the range −15 nm < x < 15 nm, and the integration needs to be carried out in this region only. Furthermore, the lower bound absorptance of graphene can be obtained from the RHS of Eq. (7) by replacing the period Λ with the trench width b, which gives 0.66 as obtained previously [38] . The lower bound value agrees well with the exact value 0.68 for MP1. The integration of E x from −b∕2 to b∕2 in the RHS of Eq. (7) can be viewed as the alternating voltage drop across the graphene, and b∕σ s is the resistance of graphene at the trench opening [38] . The graphene layer behaves like a resistor that dissipates power, resulting in a good agreement between the exact absorptance and the lower bound. Though the graphene layer is very thin, it carries an intense current that can induce a significant dissipation or loss. For MP2, the absorptance for the whole graphene is 0.77, among which 0.65 is in the trench opening and 0.12, resulting from the dissipation beyond the opening region because of the nontrivial electric field. Table 1 compares the absorptance for plain gratings and graphene-covered gratings at different resonances. For graphenecovered gratings, the absorptance of graphene and grating is also listed separately. The absorptance of the grating is evaluated directly from Eq. (5) by performing the integration in the grating and the substrate. At MP2 resonance and θ 10°, the absorptance of the grating is 0.22 with graphene coverage. This is a significant reduction from that of 0.66 for a plain grating. On the other hand, the absorptance of graphene itself is boosted to 0.77, more than 33 times than 0.023 for a suspended graphene. Graphene can absorb more power than the Ag grating mainly because of two reasons. The first is that graphene is very lossy because of the interband transition. By assuming a thickness of 0.3 nm, the imaginary part of the effective dielectric function (ε 00 ) for graphene is 6.6 at MP2 resonance, while ε 00 0.1 for Ag at the same frequency. The second reason is that MP resonances create a strong electric field at the trench opening that is about 15 times that of the incidence waves, as shown in Fig. 6 . Interestingly, the electric field strength remains the same through graphene in the zdirection. Although the electric field strength is comparable to that in graphene at the surface of the grating, it decays exponentially into the grating with a penetration depth of approximately 12 nm. Therefore, even though the thickness of graphene is 1,000 times smaller than that of the grating, the absorptance of graphene can be greater than that of the grating.
The graphene absorptance is nearly independent of θ for MP1 when θ is smaller than 20°, but will decrease at large angles closer to the light line. For example, at θ 45°, graphene absorptance decreases to 0.58, though not shown in the table. Moreover, the graphene absorptance at MP2 shows a decreasing trend as the incident angle increases, especially beyond 15°w
here the effect of anti-crossing between MP2 and SPP (−1 order) occurs. It should be noted that at long wavelengths (such as in the mid-infrared region), the imaginary part of σ s becomes significant and the inductance of graphene can affect the MP resonance frequency [59] . Additional graphene plasmonic resonance features may also appear in the mid-infrared.
C. Enhanced Graphene Absorption by SPPs
As can be seen from Table 1 , SPP results in nearly complete absorption by the graphene-covered grating structure, while both the resonance wavenumber and graphene absorptance are strongly angular dependent. The angular dependence of the resonance frequency can be understood by the negative slope of the −1 order SPP dispersion curve shown in Fig. 3 . SPPs produce a longitudinal surface wave that propagates along the interface between the dielectric and the metal. Figure 8(a) shows the electromagnetic field for the plain grating at the SPP resonance at ν 24050 cm −1 and for normal incidence. Note that the graphene-covered structure exhibits similar field distribution (not shown), except that the magnitude of the magnetic field is about half that for the plain grating. Strong electric field along the surface of the grating is generated as indicated by the arrows. It can be seen that the field strength exponentially decays away from the interface; this is a distinguished feature of 
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SPPs. Meanwhile, the field along the surface of the grating shows a standing wave pattern with clear nodes and antinodes. At normal incidence, the incident photon can couple with two surface plasmons: one is the 1 order with a wavevector k sp 2π∕Λ (right traveling) and the other is the −1 order branch with k sp −2π∕Λ (left traveling). The two surface waves form a standing wave [55] , whose wavelength is nearly equal to the period of the grating. Interestingly, there are some waveguide or MP features inside the deep trench or optical cavity when the SPP is excited. It can be seen from Fig. 8(a) that the field distribution inside the trench is similar to that of MP2 shown in Fig. 5(b) . This implies the SPP resonance is not a pure SPP mode, but a hybridization of a standing surface wave and a localized resonance mode, which has been addressed in the literature for similar structures [51] . Figure 8(b) shows the field distribution of the plain grating at the SPP resonance and θ 10°, where the −1 order SPP is excited at ν 24050 cm −1 . This resonance is actually a hybridization of a propagating surface wave (SPP) and a localized resonance (MP2). The magnetic field displays two antinodes in the trench, while standing waves appear along the grating surface. Furthermore, the left side has stronger field enhancement than the right side. Figures 8(c) and 8(d) show the power dissipation contours for the plain deep grating at normal and 10°incidence, respectively. The absorption along the surface of the grating in Fig. 8(c) shows a standing wave pattern with clear nodes and antinodes, which correspond to the magnetic field shown in Fig. 8(a) . However, the standing wave feature does not present in Fig. 8(d) . Meanwhile, on the two walls of the trench, the absorption contour is similar with that of MP2 shown in Fig. 7 (c) for both normal and oblique incidence case because of the hybrid nature of the resonance.
Figures 8(e) and 8(f) depict the power dissipation contour for structures covered by graphene. They are similar to Figs. 8(c) and 8(d), but the absorption of grating is attenuated. Unlike in the case with MPs, the absorption of graphene for SPPs is significant not only in the trench opening but also along the surface of the grating (indicated by the bright white line). This is the reason why the absorptance distribution between graphene and grating is very sensitive to the incidence angle. For example, graphene has an absorptance of 0.69 at normal incidence and this value increases to 0.80 at θ 10°. It can be further boosted to 0.82 at θ 14°. The directional dependence can be attributed to the stronger electromagnetic field near the trench opening for oblique angles. The absorption at the grating surface beyond the trench appears not as strong in Fig. 8(c) as in Fig. 8(d) , but is higher at the corners of the trench opening as indicated by the two brighter spots at the corners. Therefore, a stronger electric field is generated near the trench opening and the graphene is able to absorb more at oblique incidence than at normal incidence. However, when the incidence angle is greater than 20°, the absorption peak of SPPs becomes trivial because of anti-crossing and, thus, the graphene absorption because of SPPs becomes much weaker or may disappear at large angles.
To further understand graphene absorption at SPPs, the power dissipation along the center line of graphene at z Δ∕2 is shown in Fig. 9 . At normal incidence, the standing wave feature is clearly shown beyond the trench and the dissipation in the trench opening resembles the feature of MP2. Based on Eq. (5), the absorptance of graphene at the trench opening is 0.2, whereas the left portion (−200 nm < x < −15 nm) and right portion (15 nm < x < 200 nm) of graphene have the same absorptance of 0.245. Thus, the standing surface wave dominates the graphene absorption enhancement. At θ 10°, the absorption profile is no longer symmetric. The graphene at the trench opening absorbs 0.49 of the incoming power, while the left and right portion contributes to the absorptance by 0.18 and 0.13, respectively. Thus, the enhanced field near the trench opening is indeed the major contribution of the enhanced graphene absorption. Therefore, SPP resonance at oblique incidence can greatly enhance graphene absorption, even better than MPs, because of its hybrid nature.
CONCLUSIONS
In this work, enhancement of graphene absorption by metal gratings is demonstrated theoretically. The excitation of MPs and SPP resonances can enhance the absorptance of graphene up to 0.80, without affecting the resonance frequency or dispersion in gratings. Because of the different nature of MP and SPP in the nanostructures, the enhanced graphene absorption is insensitive to the incidence angle for MPs when it is not close to the SPP dispersion line. In contrast, the SPP-enhanced graphene absorption depends strongly on the direction of incidence. The enhanced graphene absorption at MP resonances is localized at the trench opening. At the SPP resonance, however, surface waves contribute more to the enhancement at the normal incidence while the localized field near the trench opening contributes more at oblique angles. The understanding gained from this work may facilitate the development of graphene-based photodetecting, energy harvesting, as well as plasmonic devices. Fig. 9 . Power dissipation density profile across the middle of the graphene layer when the SPP resonance is excited at normal incidence and θ 10°.
